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SUMMARY 


Curves  are  presented  for  estimating  the  wave  drag,  at  aoro  incidence, 
of  forobodies  and  afterbodies  having  straight  and  parabolio  profiles.  The 
afterbodies  are  assigned  to  lie  behind  an  infinitely . long  cylindrical  body. 
The  curves  are  based  on  a limited  number  of  exact  and  second-order  solutions 
which  have  been  generalised  by  appealing  to  tha  suporsoni^hyporsonlo 
oimilarity  law  and  to  slonder  body  and  quasi-cylinder  solutions. 
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1 Introduction 

In  Raf.  1 the  quasi-cylinder  and  slender  body  theories  were  used 
to  establish  a reversibility  theorem  and  to  introduce  the  concept  of  the 
interference  offeat  of  a forebody  on  en  afterbody.  For  a body  consisting 
of  a forebody,  a oylindrioal  mid-portion,  and  an  afterbody,  the  drag  was 
considered  to  he  the  51®  of  three  components* ** 

(i)  The  forebody  drag. 

(ii)  The  prinoipal  afterbody  drag,  v/hioh  is  the  drag  that  the 
afterbody  oould  have  if  it  wero  situated  behind  an  infinitely 
long  parallol  portion. 

(iii)  The  interference  drag  duo  to  the  effect  of  the  forobody  on 
the  afterbod;’. 

Th6  forebody  drag  and  principal  afterbody  drag  were  equal  for  shapes 
whioh  are  the  reverse  of  one  another,  and  the  interference  drag  proved  to 
be  merely  the  integral  over  the  afterbody  of  the  pressures  whioh  would  : 
exist  on  the  parallol  portion  if  it  were  extended  into  the  region  of  the 
afterbody. 

These  concepts  ana  both  ths  approximate  theories  were  then  applied 
to  oalculate  the  drag  of  bodies  with  pointed  or  truncated  forebodies  and 
afterbodies,  of  straight  or  parabolic  profile.  However  the  resulting 
ourves  are  not  wholly  satisfactory  from  the  viewpoint  of  the  aircraft 
designer  because  they  aio  limit od  to  bodies  of  small  profile  slope  and 
to  fairly  low  sunarsonie  Mach  nunhsrg,  and  in  regions  where  the  approxi- 
mations bogin  to  differ  the  designer  must  decide  whioh  of  the  two  theories 
is  nearer  to  the  truth. 

This  note  is  an  attempt  to  provido  curves  of  forebody  drag  and 
prinoipal  afterbody  drag  which  can  be  us6d  for  bodies  of  moderate  profile 
slope  and  for  fairly  high  supersonic  Mach  numbers,  and  which  eliminate 
the  need  for  choosing  one  of  the  two  approximations.  (No  new  values  of 
interference  drag  are  provided  beoause  no  systematic  exact  solutions  of 
this  problem  havo  become  available j however,  this  drag  is  often  small 
and  the  approximate  values  of  Ref.  1 may  prove  adequate  for  most  purposes). 
The  new  ourves  are  essentially  based  or.  a limited  number  of  exact  and 
second-order  results  which  have  boon  generalised  by  plotting  tnem  accord- 
ing to  the  aupersonio-hyporsonio  similarity  law^-i5  and  by  extending  them 
on  the  basis  of  comparison  with  the  quasi"- cylinder  and  slender  body  theories. 
The  similarity  law  oan  be  stated  in  a number  of  equivalent  way  as  the  one 
considered  most  convenient  and  used  here  in  that,  for  bodies  of  similar 
profilo  and  different  thioloiess  ratios  W&) , the  parameter  Cq 
1b  a f motion  only  of  The  mathematical  derivation  of  this 

law  roats  on  an  assumption  of  small  profile  slope  for  both  the  supersonic 
and  fypttx'aoiiiu  cases,  but  checks  of  the  law  with  exact  numerical  results 
(Hof.  b and  tbo  work  bolow)  indicate  that  if  fcho  drag  of  bodies  v.ith 
maximum  slopoa  up  to  0.4  is  plotted  according  to  the  law  ths  maximum 
deviation  from  a moun  curve  is  about  %'o. 


* It  is  uHsumod  both  in  Rof.  1 and  horn  that  the  flow  is  undisturbed 

ahead,  of  an  opon-noso  body,  i.o.  that  thoru  is  no  'spillage'. 
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All  the  results  given  here  tend  to  fail  as  M -*  1;  a possible 
ori.teri.on  for  their  applicability  is  that  the  flow  must  he  supersonic 
avoiywhere  in  the  field  ahead  of  the  base.  This  oan  generally  be 
investigated  by  using  oblique  or  cone  shock  tables  to  see  whether  the 
nose  shock  is  attached  and  the  flow  behind  it  supersonic. 


No  attempt  is  made  here  to  allow  for  the  effects  of  boundary  layers, 
whioh  are  known  to  have  a considerable  eifeov  on  the  pressure  distribution 
of  afterbodies. 


2 the  basis  of  the  generalised  onryes 
2*1  Octnioal  forebodies 


Fig.  1 shows  a comparison  on  the  basis  of  the  similarity  law  of 
exaot7  and  approximate!  values  of  the  drag  of  a number  of  cones.*  the 
regions  where  the  curves  for  0 a 12.5°  and  20°  depart  appreciably  from 
tho  others  correspond  to  subsonic  flew  along  the  cone  surface.  the 
eurve  for  6s  12*5°  in  Fig.  1,  faired  into  the  slender  body  carve  for 

small  R4f2-l/L,  was  oho  sen  as  the  isiique  curve  for  all  oones  as  a 
basis  for  extending  the  cone  results  to  opon-noso  bodies. 

Tho  first  stop  of  this  extension  was  to  ohooso  one  of  jtho  approxi- 
mate theories  as  the  preferable  one  for  each  value  of  , where 

A is  the  length  of  a truncated  body  so  that  %/&  is  a measure  of  slope 

only  in  conjunction  with  the  area  ratio  • Sq/S^.  For  Hj. fW-l/i,  a 0.05. 
0.10,  0.15,  0.20,  O.3O  the  si end or  body  theory  was  taken,  for  3 

0,6,  0.8,  1,0  the  quasi-aylindor  theory  was  taken,  and  for  = 0.4 

a mean  of  the  two  was  taken.  the  exact  results  for  oones  ware  then  intro- 
duced by  the  following  rather  arbitrary  assumptions  that  for  constant 
liqV the  percentage  difference  between  'exact1  values  and  those  given 
by  the  chosen  approximate  theory  deoreases  linearly  v/ith  the  area  ratio 
Sc/Si  as  this  varies  from  0 to  1.  Thus  if  Y is  the  ’exact’  value  of 
CJ)(A/R^)2,  y ia  its  approximate  value,  and  x is  Sg/Sq,  then  Y is 
defined  by  . . _ 


Y 

Y 


=>  1 + 


Rjvjp-i 

l 


constant. 


the  results  of  this  prooodure  are  slsown  in  Fig.  5. 


* There  is  of  course  no  justification  for  applying  the  quasi-qylinder 
theory  to  pointed  bodies  but  this  was  dono  here  because  at  the  higher 
ISach  numbers  tho  quasi- oylir.dor  theory  gives  a less  erroneous  indication 
of  the  variation  of  drag  with  Maoh  number  than  does  the  slander  body  theory. 
This  tendency,  which  seams  to  persist  for  all  the  bodies  considered  hero, 
may  be  partly  explained  us  follows;  the  quasi-cylinder  theory  uses  tho 

complete  solution  of  the  limiariscd  equation,  pr)  in  tho 

notation  of  Kefs;  1,  2 or  3,  although  it  only  satisfies  the  boundary 
condition  at  a mean  radius;  on  tho  other  hand  the  slendor  body  theory 

only  uses  the  first  two  terms  of  Kq  pr  j expanded  in  ascending 

powers  of  its  argument. 


Tech.  Note  No.  Aero  2134 


2*2  Parabolic  forebodies 

The  prooedure  for  obtainii  g the  drag  of  pointed  and  open-nose  para- 
bolic forebodies  was  identical  with  that  outlined  for  oonioal  bodies* 

The  difference  in  local  radius  and  slope  between  a circular  arc  and^a 
parabolio  profile  with  the  same  overall  dimensions  is  0[(Hj-Ko)^/&^j 
and  this  differenoe  was  considered  to  be  negligible  to  the  order  of 
accuracy  of  the  present  work.  (Strlotly  only  the  parabola  gives  geometri- 
cally 1 similar  * bodies  when  the  thickness  ratio  is  varied).  The  assumed 
unique  curve  for  pointed  parabolio  forebodies  (Pig*  2)  is  based  upon  the 
oareful  characteristics  calculations  of  Rossavr*  for  circular  arc  ogives. 

The  results  for  open-nose  parabolio  forebodies,  obtained  as  above,  o,ro 
given  in  Pig.  6. 

2.3  Oonioal  afterbodies 

"he  results  for  the  principal  drag  of  oonioal  afterbodies  arc  cased 
on  a number  of  calculations  made  with  Van  Dyke's  second-order  theory 8: 
for  these  the  author  is  indebted  to  K.  K.  Zienkiewics  of  the  English 
ELeotrio  Co. , Ltd.  The  drag  oooffioionts  hore  have  boon  multiplied  by 
a factor  ( exact )/Cp^  (second-order),  where  Cp^  is  the  pressure 

coefficient  immediately  behind  the  initial  comer;  this  factor  was  always 
between  1.06  and  1.00  and  appeared  to  improve  correlation  on  the  basis  of 
the  similarity  law.  Pig.  3 shows  this  correlation  and  the  curves  assumed 
unique  for  each  area  ratio;  the  final  results  are  oroas-plotied  in  Pig.  7. 

2.4  Parabolic  afterbodies 

The  results  for  parabolio  afterbodies  were  based  on  a series  of 
charact eristics  calculations,  performed  at  the  request  of  the  R.A.E.  by 
the  Computing  Section  of  the  Mathematical  Division,  NFL,  under  the 
supervision  of  Dr.  L.  Pox.  These  results  are  shown  in  Pig.  4;  the 
curves  assumed  unique  for  each  area  .ratio  arc  those  for  the  body  with  a 
basia  thicknoss  ratio  of  0.1414,  ext<3nded  to  higher  Mach  nuribers  by 
extrapolating  them  parallel  to  the  quasi-cylinder  solution.  The  final 
results  are  cross-plotted  in  Pig.  8. 

3 Conclusions 


The  results  for  afterbodies  and  pointed  forebodies  are  oloarly  on 
firmer  ground  as  solutions  of  the  invisoid  flow  problem  than  those  for 
open-nose  forebodies  because  of  the  assunption  made  in  the  latter  case 
about  the  variation  of  drag  with  area  ratio.  In'  fact  whereas  the  results 
for  afterbodies  and  pointed  forebodies  are  presented  hero  with  sojno  confi- 
dence, those  for  open-noso  forobodies  arc  only  intended  as  a tentative 
guide  to  enable  designers  to  moko  rapid  estimates  of  drag  whioh  will  not 
be  altogether  unreasonable. 

On  the  other  frond  the  effect  of  boundary  layer  upon  the  prossur© 
distribution  end  wave  drag  is  in  general  appreciable  only  for  afterbodies? 
this  effoc-t  is  usually  favourable. 

It  has  been  soon  that  the  similarity  law  'collapses*  exact  results 
remarkably  well;  it  should  bo  noted,  however,  that  when  a curve  represent- 
ing some  typical  thickness  ratio  is  assumed  to  bo  uni quo,  it  always  over- 
estimates slightly  the  drag  of  thioker  bodies  and  underestimates  slightly 
the  drag  of  more  slender  ones.  Allowance  for  this  effoot,  if  desired, 
can  bo  made  by  referring  to  Pigs.  1 to  4. 
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NOTATION 

Op  wave  drag  coefficient  based  on  maximun  oross-  aeotionevl  area 

i length  of  a truncated  forebody  or  afterbody 

Tj  length  of  » pointed  fo itsbody  or  afterbody 
M free  stream  Mach  number 

R radius 

3 oross-seotion  area 

( )c  station  of  minimum  cross-sectional  area 

( }^  station  of  maximum  cross-sootional  area 
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